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Eph-like receptor tyrosine kinases have recently been identi®ed as critical components in the development of the retinotec-
tal system. Complementary gradients of receptors and ligands in the retina and tectum, and within the retina itself, have
previously been described. Here, we present a novel centroperipheral gradient of expression for one member of this family
of receptors, Cek9, suggesting that retinal patterning and axon guidance during the establishment of retinotectal projections
may involve coordinate mapping along three axes. Furthermore, we show matching gradients of two cytoplasmic kinases,
compatible with their putative involvement in the intracellular signaling pathways used by these receptors in the retina.
We also demonstrate a dorsal to ventral expression gradient for Cek11, an Eck-like receptor, the Eph subclass previously
suggested to specify positional information along the temporonasal axis. q 1997 Academic Press
INTRODUCTION acting with Elf1, Mek4, is expressed in a temporonasal gra-
dient within the retina, suggesting that repulsive interac-
Classical experiments led Sperry to propose that correct tions between axons bearing this receptor and these ligands
retinotectal mapping is achieved by the detection of spatial may in¯uence retinotectal mapping in the corresponding
gradients within the tectum by receptors present on the axis (Cheng et al., 1995). In addition, an intraretinal func-
projecting retinal ganglion cell (RGC) axons. Recently, tion for these receptors and ligands has been proposed fol-
much attention has been paid to the role that members of lowing the identi®cation of complementary patterns of ex-
the Eph-like family of receptor tyrosine kinases (RTKs) and pression within the retina itself (Marcus et al., 1996).
their corresponding ligands play in the establishment of the We have been interested in the role played by RTKs in
retinotectal map (for review see Nieto, 1996). Eph-like re- the development of the chick retina and have identi®ed a
ceptors and their ligands are highly expressed in both the large number of RTKs expressed during retinal develop-
adult and the embryonic nervous systems and have been ment, including several members of the Eph-like family of
implicated in axon fasciculation and guidance, as well as kinases. Here we report two novel gradients of expression
hindbrain segmentation (Winslow et al., 1995; Cheng et al., for the Eph-like kinases Cek9 and Cek11 within the retina
1995; Drescher et al., 1995; Orioli et al., 1996; Xu et al., and present the expression gradients of the cytoplasmic ki-
1995). The identi®cation of RAGS, a GPI-anchored ligand nases Csk and Sak during equivalent stages of retinal devel-
and candidate tectal signaling molecule (Drescher et al., opment, which suggest that they may form part of the sig-
1995), highlighted their importance in establishing retino- naling pathways used by these RTKs.
tectal projections. RAGS and a second GPI-anchored ligand,
Elf1, are expressed in caudorostral gradients within the tec-
tum and show repulsive activity toward temporal axons MATERIAL AND METHODS
(Drescher et al., 1995; Nakamoto et al., 1996), ful®lling the
criteria proposed by Sperry required to encode retinotectal PCR Screening
topography. Furthermore, a receptor that is capable of inter-
We utilized degenerate primers corresponding to conserved se-
quences within the catalytic domain of RTKs to amplify fragments
of cDNAs reversed transcribed from mRNA isolated from Embry-1 To whom correspondence should be addressed.
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onic Day (E) 6 and 7 chick eyes. The sequences of the primers complete cDNA (nucleotides 2757±3473). Following hybridization,
the retinas were embedded in ®browax and sectioned at 15 mm.used were as follows: TK1 - 5* GCGGGATCCCGCA/GTNCAC/TA/C
GNGAC/TC/TT 3*; and TK2 - 5* GCGCTGCAGCGCCCA/GA/T
ANG/CA/T CCANACA/GTC 3*. The ampli®ed cDNAs, fragments
between 210 and 240 bp in length, were cloned into the pGEM RESULTS AND DISCUSSION
T-vector (Promega) and sequenced and their expression patterns
analyzed by in situ hybridization.
We have ampli®ed kinase fragments from E6 and E7 chick
eyes, many corresponding to members of the Eph-like fam-
ily of RTKs, including Cek4, Cek5, Cek8, Cek9, and the
In Situ Hybridization chick homologue of the human Hek11, Cek11 (Araujo and
Nieto, 1996). We examined the spatial distribution of tran-In situ hybridizations were carried out in whole mount as pre-
scripts of these kinase fragments using whole mount in situviously described (Nieto et al., 1996) on retinas ranging from E5 to
hybridization and, as well as the dorsoventral and naso-E11. Digoxigenin-labeled probes were synthesized from the PCR
fragments or, in the case of Cek11, from a 716-bp fragment of the temporal gradients of expression of Cek5 and Cek4, respec-
FIG. 1. Cek9 is expressed in a centroperipheral gradient in the developing chick retina. Whole mount in situ hybridization of (A) E4.5
and (B) E5 retinas showing the centroperipheral gradient of Cek9 expression. The expression recedes toward the periphery of the retina,
as seen in the high-power photos at (C) E5 and (D) E7, until E9 (E), when expression appears to be uniform across the retina. The bars
represent 500 mm.
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FIG. 2. Centroperipheral gradient of expression of an Eph receptor tyrosine kinase and two cytoplasmic kinases. Distribution of transcripts
of Cek9 (A±C), Csk (D±F), and Sak (G±I), shown in whole mount E6 retinas (A, D, G) and in sections at peripheral (B, E, H) and central
regions (C, F, I).
tively (data not shown; Kenny et al., 1995; Holash and Pas- to Cek9 at the same developmental stages, as was the
case for transcripts of a serine/threonine kinase isolated,quale, 1995; Cheng et al., 1995), we also observed a novel
gradient of expression for Cek9. Transcripts of Cek9 have Sak. Figure 2 shows the gradients of expression for these
genes in whole mounts of E6 retinas. The similarity inbeen shown to be expressed in the developing retina but to
date, no differential expression of this gene has been ob- the pattern of expression of these cytoplasmic kinases
raised the possibility that they may be acting in the sameserved within the retina (Soans et al., 1996). We have identi-
®ed a centroperipheral gradient of Cek9 transcripts in reti- pathway as Cek9. We analyzed sections of retinas to de-
termine if these three kinases were expressed in the samenas which could be observed as early as E4. As development
proceeds, Cek9 expression receded toward the periphery of cells within the neuroretina. For each of these genes, a
centroperipheral gradient was observed in all layers of thethe retina until E9, by which time the gradient had disap-
peared and transcripts were uniformly distributed across neuroretina, which was, however, stronger in the RGC
layer, where expression extended to more central regionsthe retina (Figs. 1 and 2A). The gradual restriction of Cek9
expression toward the periphery can be readily appreciated (see Fig. 2). This colocalization at the cellular level is
compatible with the hypothesis that these cytoplasmicby the increasing distance between strongly expressing cells
and the exit point of the optic nerve (Figs. 1C to 1E). kinases may act downstream of Cek9.
Little is known regarding the intracellular signal trans-A cytoplasmic tyrosine kinase Csk (Nada et al., 1993)
also revealed a similar graded distribution of transcripts duction pathways utilized by Eph-like kinases. However,
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FIG. 3. Cek11 expression in E6 chick retina. Retina showing the dorsal to ventral and peripheral to central gradients of expression in
whole mount (A) and in a section (B). Ampli®cations of dorsal (C), central-ventral (D), and ventral (E) regions of the same retina.
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interactions between Eph receptors and Src, and Src-related expression of Cek11 in the most peripheral ventral retina
demonstrated a similar cellular distribution to that ob-kinases such as Yes and fyn, have been reported (reviewed
in Nieto, 1996). Since Csk is a negative regulator of Src served for Cek9. This observation may indicate that mem-
bers of the Eph-like family play distinct roles in the devel-kinase family members (Nada et al., 1993) it is possible that
Csk might play a role in regulating Eph receptor signaling opment of the retina or even that one particular gene prod-
uct might be implicated in distinct processes at differentvia its interactions with this family of cytoplasmic kinases.
On the other hand, Sak is thought to play a role in the stages of development. Those genes expressed early and
equally across the width of the retina, playing a role othercontrol of cell proliferation (Fode et al., 1994), a process
that in the nervous system is intrinsically linked to the than in the formation of the retinotectal map, possibly
being more directly involved in early patterning of thedifferentiation of neuroblasts. The colocalization of Sak
with Cek9, along with their expression being higher in re- retina (Marcus et al., 1996 and our unpublished results),
acting in a manner similar to that proposed for Sek in thegions of the retina where all the cells are still mitotic, sug-
gests that this receptor may be involved in cell proliferation hindbrain (Xu et al., 1995).
or the control of retinal neuroblast differentiation. In sup-
port of this hypothesis, it has been shown that neuroblast
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